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Abstract
This paper assesses possible scenarios for Northern Europe for transportation of CO2 in  2050  as  part  of  a  CCS infrastructure,
giving focus on off-shore transportation. In addition, the possibility and costs for utilizing the solid Scandinavian bedrock for
intermediate storage of CO2 is preliminarily assessed. The preliminary results indicate that an underground storage unit of 50 000
m3 or larger would have a significantly smaller investment cost than a similarly-sized steel tank storage complex. The cost for
transporting CO2 from Finland to final geological CO2 storage sites abroad is higher compared to that from the coastal regions in
countries around the North Sea. However, by joint transport infrastructure projects the industry and power production around the
presented regions can reach significant cost reductions for CO2 transport. The ship transport infrastructure benefits from a model
where nearby capture plants are connected by pipelines to exporting terminal hubs. Trunklines towards geological storage sites
are especially cost efficient in the CO2 emission intensive regions close to the North Sea. The on-shore storage potential in
western Latvia would also provide a promising opportunity for CO2 trunklines  from  other  Baltics  and  from  Finland.  In  the
heavily CO2 emitting regions of northern Germany, the local on-shore storage accessed by trunklines from the surrounding areas
would provide very competitive CO2 transport infrastructure for the local industry and power production. The results indicate that
shared CO2 transportation infrastructure by ships would often be the best transport option from the Baltic Sea region to final
storage sites at the North Sea. Especially the heavily industrialized regions on the shore of the Gulf of Finland can benefit from a
shared transport infrastructure
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1. Introduction
The European Union (EU) is committed to reducing its greenhouse gas emissions to 80-95% below 1990 levels
by 2050, and Carbon Capture and Storage (CCS) is expected to play an important role in achieving the target [1].
Although deemed a commercially available and mature technology in the past years, CO2 transportation issues are
receiving more attention as Europe aims to implement its first wave of CCS demonstrations. Thorough studies have
been published on European CO2 transportation infrastructure during the past years, such as “The evolution of the
extent and the investment requirements of a trans-European CO2 transport network” [2], “Feasibility Study for
Europe-Wide CO2 Infrastructures” [3] and the reports from the CO2Europipe project [4,5,6 & 7]. The above studies
all apply source-to-sink matching route optimization models to arrive at the most cost-efficient CO2 transport
networks in Europe until 2050. However, the resulting transport networks are highly dependent on the assumption
behind costs of capture, transport and locations of emission sources and storage sites [2]. Economic differences
between infrastructure options, especially from locations further away from possible storage sites, need more work.
Therefore, research in the Finnish Carbon Capture and Storage Program (CCSP, 2011-2015) has assessed transport
options and economics from North-European emission sources, with a focus on Finland and the Baltic Sea area.
This paper summarizes the work done on CO2 transport infrastructure economics in the framework of CCSP. The
approach differs from previous studies, as a set of pre-defined scenarios are used instead of an optimization model to
generate the CO2 transport networks in 2050 and the associated transport costs.
The  objective  of  this  study  was  to  understand  how  and  at  what  cost  captured  CO2 could be transported from
sources to sinks in the northern parts of Europe assuming a large-scale CCS deployment in Europe by 2050. Within
the  scope  of  the  work  was  to  sketch  several  future  CO2 transportation scenarios from the northern European
Economic Area (EEA) around Finland to possible storage sites.
Ship transport of CO2 requires intermediate storage facilities for loading and unloading CO2. As CO2 transport by
tanker ships is a potential option for north-eastern regions of Europe, evaluation of underground storage options for
intermediate storage of CO2 has been another focal point of the work. The cost assessment of terminal-based
transportation networks, especially under Finnish conditions, is partly based on the results from the cost assessment
of the intermediate storage options.
2. CO2 emission sources and storage possibilities
2.1. Mapping CO2 emission sources
The facility types, locations and annual emissions of the European CO2 point sources presented in this study are
taken from E-PRTR database hosted by the European Environment Agency. The study includes all industries
currently reported in the E-PRTR that are part of the EU’s emission trading scheme, including those having biogenic
CO2 emissions as well. The database update from November 2012 was used, covering the industrial emissions for
2010 [8]. Changes in policies and economics, as well as development of technology, are likely to affect the size and
location of the CO2 emission sources in Northern Europe by 2050. In addition, development of a large CCS
infrastructure and the expected escalating CO2 emission prices brought on by an ambitious emission reduction
strategy [1] are likely to both affect the life span of existing CO2 emitting industrial facilities and the location of new
facilities. Simulating these developments is very difficult and was not possible with the available resources. In order
to simplify the work, it is assumed in this study that the emission point sources will stay roughly within the areas
that currently have especially high density of larger point sources.
The emission release database covers facilities from food and beverage sector, chemical industry, energy
industries and energy production, mineral industry, paper and wood processing, production and processing of metals
and waste and waste water management. Emission from the industrial sectors not included in the above are
classified as other activities.
To  recognize  these  areas  where  the  industry  is  densely  situated  and  heavy  CO2 emitting, a heat map was
produced from the E-PRTR data using Geographic Information Systems (GIS) software. All available emission data,
from  2007  until  2010,  was  used  as  material  to  account  for  the  annual  variations.  Presented  in  Figure  1,  the  map
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points out efficiently the “CO2 hot-spots”  with  red  colour  and  gives  an  idea  where  the  CO2 capture sites and
exporting terminals can be expected to be situated in the future.
Great Britain, France, Belgium, the Netherlands, Germany and Poland contain most of the high CO2 emitting
densely industrialized regions. Denmark, Estonia and Finland stand out as well, in this regard, although the “CO2
hot-spots” are more spread out and distanced. Most of the heaviest CO2 emitting zones of Finland, Sweden, Norway
and Denmark are situated along the coastline. Exceptions are the clustered paper and wood processing industry sites
at the south-east part of Finland and a belt of scattered emission sources stretching from Stockholm to south-west of
Oslo.
Fig. 1. Heat map showing the CO2 emission weighted areas with either a high density of point sources or single large point sources.
The generated heat map was used for creating a data set of potential CO2 capture sites (or hubs). First, point
sources less than 0.5 Mt/a CO2 where excluded from the data set. The remaining point sources needed to be large-
enough or situated within an area of high density of large point sources to form a high enough density (as visualized
by  the  heat  map),  in  order  to  be  included  in  the  data  set.  The  generated  data  set  was  then  used  as  basis  for  the
transport scenarios.
2.2. Mapping CO2 storage formations
Within the context of EU’s emission trading scheme (EU ETS), CO2 capture, transportation and storage must
follow the scope and prohibitions in the directive 2009/31/EC (CCS Directive). Article 2 of the CCS directive limits
the application of the directive to geological storage of CO2 in the territory of Member States and their exclusive
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economic zones and on their continental shelves. Therefore, the storage sites would have to be selected within the
EU and European Economic Area (EEA).
For final geological storage of CO2, a suitable porous rock sediment formation at adequate depth (> 800 m) is
needed [9]. Suitable formations are saline aquifers and depleted oil and gas fields, found both on- and off-shore. GIS
databases over potential geological storage formations for the studied area are not yet publically available. For this
study, the CO2 storage maps published by GeoCapacity [10] and Feasibility Study for Europe-Wide CO2
Infrastructures [3] were used. All storage areas outside of the EEA assumed in this study are based on the results by
Shogenova et al. [11]. The maps were reproduced by creating polygon vectors into the GIS software. This gives not
exact coordinates, but was adequate for the purpose of this study. Recently, more detailed regional CO2 storage
atlases have been published but were not used in this study as the level of detail from the GeoCapacity project was
enough.
The most potential off-shore storage areas are on the North Sea between Scotland and Norway and also near the
east shores of England. In general, The North Sea and parts of the Norwegian Sea are abundant with potential
storage sites. There is also some off-shore storage potential in the southern parts of the Baltic Sea [10 & 12]. The
nearest operational CO2 storage  sites  to  Finnish  point  sources  are  situated  off-shore  at  the  Utsira  formation  in  the
North Sea and at the north-east part of the Norwegian Sea. The closest CO2 storage potential in aquifers within EU
has been reported to be found at least on-shore in the northern parts of Poland and Germany and in southern
Denmark.
Considering on-shore storage potential of CO2, suitable geology can be found within the north-eastern Benelux
countries Belgium and Holland. The highest on-shore potential seems to be situated in North Germany, south-east
from Hamburg and Lubeck. The potential on-shore storage areas closest to Finland are in western Latvia. Beyond
European Economic Area, great amount of on-shore storage potential are situated in East Ukraine and West Russia.
In Finland, Estonia and northern part of Sweden no geological storage capacity is available. Moreover, suitable
geological formations are unlikely to be discovered from Finland in the future, as the geology of the Finnish bedrock
is unfavourable for final geological storage of CO2 [13 & 14].
3. Intermediate storage of CO2 underground
Shipping solutions require by default intermediate storage facilities acting as a buffer on the interface between
capture plant or pipeline transportation and ship transportation. Downstream from the capture facility, CO2 is
collected into intermediate storage facilities, from which the CO2 is loaded into tankers. Intermediate storage is also
needed at the importing terminal, if the CO2 is not pumped straight into the final geological storage. Cylindrical steel
tanks are the most commonly studied option for providing intermediate storage. A much less studied alternative is
the use of excavated rock caverns or abandoned mines deep below ground. Cavern storage technology is currently
being investigated as a possible intermediate storage option in CCSP.
Steel tanks are area and space consuming installations because of engineering challenges that in practice restrict
the maximum size of individual tanks. Storage of large amounts of CO2 may therefore require solutions that do not
need very large surface areas, such as rock caverns. Rock cavern storages are an interesting option for larger
intermediate storages, as their investment costs can benefit from the economy of scale. Rock caverns are regularly
used for example for storing LPG, but have so far not been qualified for storage of CO2. Using rock caverns,
constructed 100 - 200 m below surface, for intermediate storage of CO2 would be a new application for this
technology. They may be with or without lining and they are until now mostly thought of as a concept suitable for
crystalline rocks [15].
Abandoned mines, which are usually situated near CO2 producing industries, have been considered as niche
options for underground storage of CO2 [9]. When considering underground formations as possible intermediate
storage sites, utilizing abandoned mines could reduce the high building costs related to underground construction.
However, the main weakness of old mines is that they are not constructed to last long periods. The roofs and walls
between tunnels can be too thin to stand pressure (without help of surrounding groundwater pressure). The thin
walls can also behave in unexpected way when frozen. Mines are very seldom made in good quality bedrock. The
ores have often formed in broken and weak bedrock, where jointing and fracturing is more common than in average
rocks. Another common disadvantage of old mines is the diversity (incoherency) of underground tunnels and other
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spaces. It means that it is difficult to seal a room for pressurized carbon dioxide. Therefore, the option for using
abandoned mines was not further studied.
3.1. Functional requirements for intermediate storage of CO2
3.1.1. Pressure and temperature
The properties of CO2 are the most important factors in determining the functional requirements of a CO2
intermediate storage. CO2 is at its densest form near the triple point at 5.2 bar and -56.6 °C, weighing some 1 200
kg/m3. Near the critical point, at 72.8 bar and 31°C, the density of CO2 is 600 kg/m3, merely a half of the density
near the triple point. To minimize the required storage volume, a temperature close to, but reasonably above to avoid
solid ice formation, -56.6 °C at triple point should be selected. The same applies to pressure, for which a reasonably
higher level than the 5.2 bar should be selected. The pressure should be as close as possible, but safely above the
saturation line to avoid vapour formation. The choice of pressure and temperature of the stored CO2 at the terminal
depends also on the storage solution. If the storage consists of modular cylindrical steel tanks, which are heat
insulated from the environment, the lowest possible pressure might be preferred to minimize the valuable storage
volume and land area for the storage tanks. Avoiding higher pressures also lowers the material requirements for the
storage tanks. As the energy required in liquefaction of CO2 increases in lower pressures, the design temperature and
pressure in the intermediate storage must be optimized accordingly. This case specific need for optimization applies
also to the temperature and pressure during the actual shipping.
Based on the phase properties of CO2, suitable general bedrock and groundwater conditions, such as in Finland,
the detailed functional requirements for geological intermediate storages conditions can be (i) storage temperature of
50 – 30 °C, (ii) storage pressure 10 - 20 bar (100 – 200 m below groundwater-level) and (iii) storage volume in rock
of over 50 000 m3.
By these design requirements the CO2 storage in rock has several similarities with refrigerated LNG- and LPG-
gas storage technologies in unlined rock caverns. The extra challenge with the CO2 storage  is  the  need  for  both
refrigerating and pressurizing of the storage. The temperature - pressure relation of liquid CO2 is the most important
consideration when designing an intermediate rock cavern CO2 storage. The chosen temperature - pressure condition
for the liquid CO2 will be dependent on many factors:  (i) the frozen fractures/zone should prevent contact between
CO2 and groundwater; (ii) will the hydrostatic pressure be high enough to keep the CO2 from escaping the storage or
will the frozen zone result in closed system that needs to be pressurized? (iii) Rock quality, groundwater conditions
and infrastructure requirement may also create design margins with respect to pressure and temperature.
3.1.2. Storage capacity
The design of a CO2 logistics infrastructure for a CO2 capture plant (or several) is case specific. Ultimately, the
need for intermediate storage capacity depends on the number of tankers, time interval between the loadings,
seasonal fluctuations in the captured amount of CO2 and both intended and unanticipated changes in the operational
tanker fleet. The deadweight of each tanker is designed to meet the maximum flow rate of CO2 from the liquefaction
plant. Therefore, the theoretical operational capacity of the intermediate storage needs only to match the capacity of
a single tanker. Some buffer capacity is however needed, along with a sufficient headspace for the boil-off gas.
Taking this matter into account, as a rule of thumb the intermediate storage capacity should be 1.5 times the capacity
of a single tanker in the CO2 carrier fleet.
Although the largest currently operating tankers, capable of transporting liquefied CO2, have capacities of around
10 000 t, larger vessels, at least up to capacities of 50 000 t, can be considered as commercially available [9, 17 &
18]. The range of needed intermediate storage capacity therefore is around 15 000 – 75 000 t CO2. This corresponds
to the volume of 12 500 – 125 000 m3, depending on the design pressure and temperature.
3.1.3. Integration to the terminal infrastructure
Other functional requirements for the storage facilities are set by the terminal infrastructure and the overall
transport process. The storage tanks must be in the proximity of the liquefaction plant, where the boil-off CO2 has to
be returned for reliquefaction.
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The boil-off cannot be eliminated due to heat flow between the storage tanks or caverns and the environment.
The storage must be connected to the loading equipment as well and designed to allow sufficient discharge flow
rates. For example, loading a tanker of 25 000 deadweight tonnage in 24 h, a flow rate of over 1 000 t/h is needed. If
the CO2 is  stored  at  the  terminal  in  a  different  temperature  and pressure  than  designed for  the  tanks  on-board  the
ships, a flash or compression and heat exchange process is needed prior to the loading of the CO2.
The CO2 storage  facilities  require  both  energy and space  at  the  site,  depending whether  the  storage  is  above or
below ground. One of the few designs available in public literature of a CO2 ship terminal area was presented in a
document prepared by Elsam A/S, Kinder Morgan CO2 Company L.P. and New Energy, Statoil [16]. The total area
of the facilities including the liquefaction plant and the above ground cylindrical storage tanks was 200 m by 400 m,
of which the tanks occupied an area of 80 m by 200 m.
The energy intake of a liquefaction process depends on various environmental and process factors, including the
input pressure and temperature of the gas. According to Aspelund & Jordal [17], in order to liquefy 1 ton of CO2
from 1 bar and ambient temperature, 105 kWh of energy is needed. In addition to the liquefaction of the CO2
entering the terminal, the re-circulated boil-off gas adds to the load on the liquefaction plant. The boil-off from an
isolated tanks amounts to 0.2 % of capacity per day [18].
3.2. A case assessment for an intermediate underground storage unit of 50 000 m3
In order to get a first assessment of the cost for intermediate underground storage, a case assessment for a unit of
50 000 m3 was performed. In this case, the underground storage is designed for a temperature of -42 °C and pressure
of 14 bar. The volume of the storage is 50 000 m3, consisting of two parallel caverns (A = 500 m2, L = 50 m) and an
access tunnel. The top levels of the caverns are situated 160 m under groundwater-level and the bottom levels 185 m
under groundwater-level. The gradient of the access tunnel (25 m2) is 1:8 and the total length of the tunnel is about
1500 m. However, in the case of small underground storage volume it would be better to excavate only one 100 m
long storage cavern. The pipe shaft diameter is 1.5 m.
3.2.1. Construction schedule and cost for the underground CO2 storage facility
The total construction time of the underground storage will be about 2.5 - 3 years, including the planning and site
investigation processes. Initial cooling of the storage will take 5 - 7 months by cooling the storage with the CO2 fed
into the storage [19]. The construction costs of the storage are given in Table 1.
Table 1. Construction costs for the underground CO2 storage facility.
Investigations, design, project start up 750 000 €
Excavation of storage (blasting, bolting,
shotcreting)
7 700 000 €
Full drilled shaft 63 000 €
Concrete works in storage space 250 000 €
Groundwater control 100 000 €
Building technical costs 8 860 000 €
Fitments and operation 1 330 000 €
Total storage 10 190 000 €
Extra cost reservation 10 % 1 020 000 €
Constructional works together 11 210 000 €
Project management (8 %) 900 000 €
Reservation for uncertainty 17 % 1 900 000 €
Total cost estimate of storage 14 M €
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3.2.2. Cooling effect and cooling cost of underground CO2 -storage
VTT has modelled the needed cooling effect of a large underground LNG storage, which designed operating
temperature was –40 °C [20]. The needed cooling effect of LNG storage is very similar with the cooled CO2-
storage. The span width of the storage cavern in the previous study was 35 m and the height was 60 m. The frozen
rock zone around the storage was modelled to be 30-40 m. The needed constant cooling effect will vary depending
on how long time period (6 months to 12 months) can be used for initial cooling of the storage before the storage
operation is started. In the following cooling cost calculations for the present case, cooling period of 12 month is
assumed and corresponding 15 W/rock-m2 initial cooling effect and 10 W/m2 operational  cooling  is  used  for  the
underground CO2-storage. The cooling rock surface in storage amounts to 11 000 m2. The resulting cooling demand
is given in Table 2.
Table 2. Cooling of the underground CO2 storage facility.
Cooling of store
Cooling by electricity sourced compressors, COP = 2.5 Electricity consumption
Initial cooling effect (first year): 15 W/m2, 165 kW 580 MWh/y
Operational cooling effect (2. year) 10 W/m2, 110 kW 385 MWh/y
Cooling of CO2/storage charge
Cooling of 50 000 m3 CO2, (+8,- 42) °C, 585 MWh/charge
If cooling time 1 week/charge, needed cooling effect 3,5 MW
(Specific cooling capacity of CO2, c = 0.5226 x 10-3 kWh/kg,K)
Cooling cost of stored CO2
Initial cooling (First year) 15 000 €
Operational cooling of store (heat losses) 23 000 €/y
CO2 - cooling/charge (50 000 m3) 23 000 €/charge
(Assumed cooling energy price 40 €/MWh)
3.3. Comparison of cost for intermediate CO2 storage options
The references found in public literature mentioning investment costs for intermediate gas storage facilities
suitable for CO2 are few. A summary of fixed and operational costs for various intermediate CO2 storage facility
case studies are presented in Table 3. In addition to the case presented previously, examples can be found in
literature for cavern investment costs representing the volumes of 60 000 to 120 000 m3. As very few references are
available, straightforward statistical analysis of the data would not deliver any useful results on the estimated cost as
a  function  of  storage  volume.  Here,  an  alternative  approach  is  applied  to  the  cost  data  in  order  to  derive  at  least
crude linear relations between alternative storage technologies, volumes and investment costs. The goal is to both
compare the reported cost between the storage technology options and to present best available equations for use in
cost estimations of CO2 intermediate storages.
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Table 3. Summary of capital and operational costs of intermediate CO2 storages.
Type Unit capacity Investment(a) Capital cost(b) O&M Reliquefaction cost(c) Reference
m3 M€ M€/a M€/a M€/a
Tank farm 19 500 18.700 1.327 0.187 0.047 [21]
Steel tank 3 000 8.010 0.568 0.007 [22]
Tank farm 63 000 117.116 7.619 0.150 [23]
Cavern 50 000 14.000 0.993 0.023 Present study
Cavern 120 000 20.521 1.456 [22]
Cavern 60 000 55.340 3.927 [16]
(a) The investment costs are adjusted to currency of year 2013, based on general Euro-area inflation.
(b) Interest rate 5%, economic life 25 years
(c) Assuming electricity cost of 40 €/MWh
3.3.1. Investment costs
Above-ground CO2 intermediate storages consist of a number of pressurized and refrigerated steel tanks. Studies
by Elsam, KM and Statoil [16] and Svensson et al. [22] propose a unit size of 3 000 m3 for a single tank. Decarre et
al. [23] base their cost estimates on somewhat larger unit sizes. Due to the modular structure of tank farms, the
investment cost is assumed to grow linearly from zero as the volume of the storage is increased. Therefore, the cost
equation for an above-ground intermediate storage would be stated by the following equation 1:
Investment cost [M€] = b * total storage volume [m3] (1)
Using the above assumption, the upper and lower estimates for tank farm investment costs are easily found by
comparing the single cost data points from Table 3. Unlike the tank farm storages, the cavern storages can be
assumed to have lower investment costs per storage volume at higher capacities that at lower capacities. The caverns
are not modular like tank farms and require heavy machinery on site during the work-intensive construction phase
on top of costs from site-specific planning and geological evaluations. A linear approximation of a CO2 storage
cavern investment cost would therefore be of the following form:
Investment cost [M€] = a + b * storage volume [m3] (2)
Determining such equations as Equation 2 would require a good sampling of cavern investments that represent
well the entire range of considered capacities. The available references [22 & 16] from scientific literature combined
with the present study are inadequate in numbers for such line fitting. However, the cavern investment costs found
in literature seem lower than tank farm investments of the same volume (Table 3).
In order to arrive at the desired linear cost equations for cavern storages, the investment cost around the included
reference points will have to be extrapolated. In lack of reported references on how such measures are taken on
refrigerated rock caverns, some freedom in choosing an applicable methodology is used here. In chemical and
process industry, the benefit of scale in investment can often be adequately well approximated by using the
following equation [24]:
Investment at capacity c = (reference capacity / c) * reference investment^0,7 (3)
Equation 3 was used to calculate an even amount and distribution of extrapolates in the range of 50 000 to 120
000 m3 for all three cavern investment cost references. The extrapolated points of the investment costs reported by
Elsam, KM and Statoil [16] were fitted with a linear equation (see Equation 2) that represents the upper estimate of
cavern storage investment. Similarly, a linear equation for lower estimate of cavern storage investment costs were
fitted to the extrapolated points of the reference cost reported by Svensson et al. [22]. Finally, one linear cost
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equation was fitted on all extrapolates from the three reference points, resulting in an average estimate for cavern
investment. The resulted estimates are given in Figure 2.
Fig. 2. Upper, lower and average investment cost estimates for cavern and tank farm intermediate storages of CO2. Based on reference costs from
Svensson et al. [22], Aspelund et al. [21], Decarre et al. [23], Elsam, KM, Statoil [16] and present study.
According to Elsam, KM and Statoil [16], a general conception within the industry is that cavern storages
become economical compared to above-ground tanks approximately at capacities of over 50 000 m3. The average
linear estimates for cavern and tank farm storages in Figure 2 would suggest this break-even capacity would be
significantly lower at below 10 000 m3. Only the lower estimate for tank farm storages and the higher estimate for
cavern storages seem to intersect roughly in the 50 000 m3 region. Therefore, it is reasonable to assume that the
average estimates presented in Figure 3 and Table 2 might be overly high for tank farms and low for cavern
storages.
3.3.2. Operation and maintenance
Assuming an interest rate of 5 % and an economic life of 25 years, the capital cost of a single 3 000 m3 steel tank
ranges from 0.204 M€/a to 0.568 M€/a (based on [21] & [22]). Aspelund et al. [21] assumed an operation and
maintenance costs amounting to 1% of the investment, resulting in this case from 0.0288 M€/a to 0.0801 M€/a.  The
operation and maintenance costs represent therefore roughly 12% of the annual fixed costs of an above-ground CO2
intermediate storage when costs related to liquefaction process are neglected. References for O&M costs of cavern
storages suitable for CO2 are not found in literature.
When the reliquefaction cost resulting from the operation of a single 3 000 m3 tank unit is taken into account and
the operation and maintenance costs are neglected, the annual cost of the unit amounts to 0.211- 0.575 M€/a. This is
based on IEA [18] estimate that 0.2% of the stored cargo has to be evaporated per day out of storage tanks to
compensate for the pressure build-up. The reliquefaction costs, equalling 0.00716 M€/a per 3 000 m3 tank, represent
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roughly 1-3% of the annual costs. On a rock cavern of a size of 50 000 m3, the annual reliquefaction cost 0.023
M€/a equals some 2 % of the annual costs without operation and maintenance costs. The estimate is based on the
present study, which assumes an electricity price of 40 €/MWh.
4. Construction and presentation of transport scenarios
In this section, the infrastructure scenarios constructed for the study are described. The core idea of the scenarios
is to get an overview of transportation costs for different geographic regions by varying a set of parameters: the
capacities of independent transport routes, the transport mode between pipelines and ships, and the acceptance of
on-shore  storage.  Also,  storage  of  CO2 beyond the European Economic Area is addressed. By varying these input
parameters, four different scenarios were set up (Table 4).
Scenario 1, named “Independent actors”, depicts a situation where closely situated CO2 capture sites do not
engage in joint transport infrastructures. This leads to ships being chosen as the preferred transport modes due to
easier implementation and lower investment cost. Scenario 2, the “Areal co-operation” scenario, explores the
benefits following from a larger CO2 flow per transport route and from a shared infrastructure using trunklines.
Scenario 3, “Beyond EEA infrastructure” is essentially similar to Scenario 2 with the exception that geological
storage outside the EEA is allowed. Finally, Scenario 4, the “Masterminded infrastructure” scenario, tries to sum up
the best of the previous scenarios without restrictions concerning on-shore storage.
Table 4. Scenario overview.
Scenario Defining character Trunklines Shared ship terminals Storage
1: “Independent actors” Less co-operation No No Off-shore
2: “Areal co-operation” Co-operation Yes Yes Off-shore, preferably
accessed by off-shore
pipelines
3: “Beyond EEA
infrastructure”
Storage outside EEA
allowed
Yes Yes EEA: Off-shore only,
outside EEA: On-& off-
shore,
4: “Masterminded
infrastructure”
High system efficiency Yes Yes On- & off-shore
The transportation routes for each scenario have been manually set up, i.e. no computational methods or
algorithms have been used for generation of the routes on purpose. An in-depth analysis of source-sink matching
and transport costs is not sought after in this study. This is essentially due to the heavily anticipating nature of the
study and likely imprecise data on future emission sources and sequestration sites.
4.1. Scenario 1: “Independent actors”
As CCS value chains are commercialized in 2050, the heavy implementation of the technology across North-
Europe is driven by independent companies acting without much coordination. Low level of co-operation on CO2
logistics between closely situated CO2 emitters is experienced, as risks of CCS is managed by shorter term
commitments to the technology and by avoiding high investment costs. This leads to pipeline transportation
becoming expensive and risk-wisely unattractive, while ships are preferred instead. The envisioned Scenario 1 is
presented in Figure 3.
Public acceptance towards on-shore storage remains low due to minimal government presence in CCS projects.
Only off-shore reservoirs become a viable option for storage of CO2.
The operators of capture facilities do not invest in shared intermediate storages and exporting CO2 hubs. Neither
are trunklines from inland capture facilities built for shared access to coasts and off-shore storage sites. The off-
shore storage sites are accessed directly by ships with unloading equipment at sea.
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The number of unloading and storage sites at sea becomes higher with a lower life-expectancy due to a more
dynamic nature of independent smaller ship-based CCS transport activities and routes.
Fig. 3. Scenario 1: “Independent Actors”
4.2. Scenario 2: “Areal co-operation”
When CO2 emitters near to each other establish joint CO2 infrastructure towards the suitable sequestration sites,
the CO2 flows on each route increase substantially. Due to shared investment costs and long-term commitments to
the transport network development by the parties involved, pipelines can become a favourable mode of
transportation.
Similarly as in the Scenario 1, on-shore storage in Scenario 2 (see Figure 4) remains limited due to public
resilience towards private led sequestration projects. The storage sites are accessed by ships and trunklines from
coastal hubs. Off-shore storage sites are fewer as only the largest capacity reservoirs with the longest life-
expectancy are used.
On-shore trunklines are built and are in use in 2050, connecting inland capture plants to coastal hubs, where CO2
continues its way by off-shore trunklines or large carriers. A pipeline is running from the north coast of the Bay of
Bothnia to the Norwegian Sea, and another one across Sweden towards the North Sea, collecting a large share of
Sweden’s biogenic CO2 emissions. Another notable development in Scenario 2 is the emergence of CO2 river
transport routes in the highly industrialized areas of Central Europe. The Seine, highly industrialised Rhine river
region, Elbe, Oder and the downriver of Vistula provide a natural route for smaller container vessels and barges
from riverside CO2 capture plants to large coastal hubs in the mouths of the rivers.
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Fig. 4. Scenario 2: Areal co-operation
4.3. Scenario 3: “Beyond EEA infrastructure”
CO2 sequestration outside the European Economic Area is allowed in Scenario 3 (Figure 5). This leads to
massive pipeline projects connecting the North-East European CO2 point sources to two pipelines running from the
Central Finland and the region of the Gulf of Finland to the sequestration reservoir in the gas regions of Russia and
from Poland and Lithuania to storage sites in Ukraine.
Otherwise Scenario 3 follows the Areal co-operation (Scenario 2). On-shore storage remains limited in Europe
due to public resilience towards private led sequestration projects leading to off-shore trunklines being built towards
the best storage sites at the North Sea and the Norwegian Sea.
Both river routes and trunklines to exporting terminals at the coasts of the Baltic Sea and the North Sea are in use
in 2050.
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Fig. 5. Scenario 3: Beyond EEA infrastructure
4.4. Scenario 4: “Masterminded infrastructure”
The evolvement of the CO2 transport infrastructure until 2050 was decisively and determinedly coordinated by
the governments in co-operation, and both cross-border trunklines and shared shipping terminals emerge while the
source-sink matching is designed for fewer costs and more overall capture and sequestration capacity. The shape of
infrastructure is aiming at highest overall (system level) efficiency, and inclusion of the public to the decision
making from early on has resulted in the acceptance of the use of the best on-shore storage areas.
The on-shore storage potential of North Germany is harnessed, and most inland emission sources from around the
area have an access to cost efficient trunklines. The on-shore storage potential in West Latvia is utilized by the large
inland point sources of the Baltics and accessed also by the emission clusters in South and Central Finland.
Utilizable storage potential, although in limited amounts, was found in the southern part of the Baltic Sea. The
Baltic Sea storage potential was prioritized to be accessed by ships from the otherwise distanced larger emission
clusters on the coasts of the Bothnian Sea.
Otherwise, Scenario 4 follows the least cost alternatives of Scenario 1-3. Scenario 4 is presented in full in Figure
6.
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Fig. 6. Scenario 4: Masterminded optimal infrastructure
5. Transport costs
5.1. Assumptions used in the transport cost model
The bulk of the cost modelling is the same as reported in detail by Teir et al. [14] and Kujanpää et al. [25]. For
the purposes of this study, certain modifications have been made to the excel-based cost model. The basic
assumptions and also the revisions done in the methodology for the purposes of this study are as follows:
Low-sulphur fuel oil is used in ships as the energy input for propulsion and auxiliary equipment. The fuel
consumption at sea is taken as the average constant propulsion power needed to operate a tanker of the required
capacity, based on [25].
CO2 is transported as a liquid or in a supercritical state in pipelines. The temperature within the pipeline equals
ambient temperature. Friction causes an expansion of the gas and a pressure loss, which are compensated by electric
booster stations. Increasing the diameter of a pipeline slows down the flow velocity of the CO2, resulting in lower
pressure losses per transport distance.
Pipeline investment costs as a function of length and nominal diameter were remodelled for the purposes of this
study. This was done in order to better include the effect of pipeline sizing on investment cost.  The cost data was
derived from the extensive material reported by Parker [26]. Although geographically restricted to North-America,
the reported investment costs were of the same order with those reported by Teir et al. [14], in given pipe sizes. The
cost data was adjusted to current level to account for the Euro-area inflation.
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A cost premium of 40 % is assumed for off-shore pipelines, following the range given in [9]. Additional costs
due to pressure boost pumps are estimated using the cost data from a CO2 pipeline calculator by IEA [27].
The studied chains of ship transportation include intermediate storages and loading facilities at the exporting
terminals, and an adequate number of tanker ships. The ship terminals are assumed to be available for the logistic
operations. Additionally, costs of unloading the liquid cargo are included. Initial pressurization or liquefaction is not
included in the presented calculations of either transportation modes, as this cost is typically included in the
calculations for the capture facility. CO2 handling at the receiving terminal is also regarded as part of the storage
process, and is therefore also excluded from the transportation costs. However, pressure boost to a reasonable
injection pressure of 15 MPa is accounted for at the end of a pipeline.
Results on intermediate storage economics from the parallel work packages of CCSP were incorporated in the
transport cost model. Both cavern storages and above-ground modular storage options are included in the model.
An economic  life  of  25  years  is  used  in  all  the  cost  calculations  of  both  ship  and pipeline  transportation.  For  a
detailed description of the capital cost calculation methodology, see Teir et al. [14]. The units of the transport
infrastructure have no remaining value after decommissioning. Capital costs are calculated as annuities using an
interest rate of 5 %.
5.2. Scenario results
In Figures 7 and 8, the results are summarized for each North European country in the four transport scenarios.
When necessary, the countries are further divided into regions.
When comparing the transport costs across different scenarios, one must bear in mind that the transported
amounts of CO2 vary  greatly  in  the  scenarios  (Figure  18).  The  least  amount  of  CO2, 120 Mt/a, is transported in
Scenario 1 (“Independent actors”). The transported amount of CO2 grows with each scenario, with the last scenario,
Scenario 4 (“Masterminded infrastructure”), having the largest amount of CO2 transported annually: 490 Mt of CO2.
Also off-shore pipelines may have been chosen over ship transportation, or vice-versa, in any scenario in order to
explore the cost range of a single route.
Scenario 1 results indicate that un-coordinated acting in the CO2 transport for CCS increases the costs per single
party. The results are for the largest single CO2 point source from each investigated local cluster. None of the
transport costs for Scenario 1 is exceptionally high for the same reason. If smaller point sources were selected, the
cost range of Scenario 1 would have been considerably higher. Ship transport costs from Finland in Scenario 1 were
within the range of 13.6 – 20.4 €/tCO2. The levelled average transport cost was of the order of 15 €/tCO2. The cost
range is not dramatically different from that of Estonia and northern and central Sweden. Closer to the North Sea,
the costs naturally fall down due to lower distances and large single emission sources. The range is roughly 4-10
€/tCO2 in the North Sea region.
The results in Scenario 2 imply that a shared transport infrastructure is often cost-wise desirable. However, long-
distance trunklines in the Nordic region seem challenging. The envisioned trunkline across Sweden, from the Bay of
Bothnia  south  to  access  the  North  Sea  does  not  seem  viable  as  the  transport  cost  in  the  north  rise  as  high  as  25
€/tCO2. The trunkline from the northern Bay of Bothnia towards the Norwegian Sea seems far more promising with
a price range of 11-15 €/tCO2. Ship transport from the southern Finland becomes quite promising if captured CO2
flows are pipelined to a larger hub on the Gulf of Finland, as costs can fall to as low as some 11 €/tCO2.
The transport cost from coastal CO2 hubs to final storage sites are fairly low in the scenarios 2-4 due to large CO2
quantities.  This applies to both ship and off-shore pipeline transportation. The economic viability of the river routes
in Scenario 2 varies by each in-land capture facility, however. Through-out the northern parts of France, Germany
and Poland, the cost range of CO2 transport from inland capture facility along the navigable rivers are roughly 13-21
€/tCO2. In general, the transport prices fall well below 10 €/tCO2 in the countries surrounding the North Sea.
Enabling on-shore storage outside the EEA in Scenario 3 had relevance on the transport costs from Finland, the
Baltics and Poland. Transporting CO2 from  Finland  with  a  massive  trunkline  towards  Siberia  resulted  in  costs  of
over 24 €/tCO2. The transport costs from Estonia were of the same order. The transport lengths in these cases
reached over 2 000 km. Trunklines from southern Baltics and Poland to Ukraine resulted in total costs of 11-20
€/tCO2. These pipelines would carry some 35 Mt of CO2 per year.
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Fig. 7. Summarized transport cost results from the four scenario calculations. The scenario names are: 1- “Independent actors”, 2- “Areal co-
operation”, 3-”Beyond EEA infrastructure” and 4-”Masterminded infrastructure”.
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Fig. 8. Weighed average CO2 transport costs, with bounds at 95% certainty, by region in the studied scenarios.
On-shore storage of CO2 was enabled in Scenario 4. The Rhine river area was connected to North Sea by
trunklines and in-land point sources in northern Germany were connected to an on-shore storage site near Hamburg
and Lubeck. Southern Finland, Estonia and Lithuania were connected by two trunklines to an on-shore storage in
western Latvia. In the Rhine river area and Benelux region, the transport cost were from around 4 to 9 €/tCO2.
Pipeline network to the on-shore storage site in Germany resulted in costs of roughly 3-7 €/tCO2. The cost range for
pipelining CO2 from southern Finland became 13-19 €/tCO2 and  below  10  €  for  the  Baltic  countries.  On-shore
storage enabled low cost transport within northern Denmark as well.
The assumed off-shore storage potential in the southern Baltic Sea resulted in ship transportation cost of around
8-11 €/tCO2 from Finland and of 8-12 €/tCO2 from Sweden.
6. Conclusions
A CO2 transport cost estimation methodology has been created and used in assessing the transport costs in four
North Europe-wide infrastructure scenarios for year 2050. The results map the regional economic feasibility of CCS
based on transportation costs from source to sink, and identifies options for collaboration. As certain countries, such
as Finland, Estonia and large parts of Sweden, don’t have any local underground formations suitable for final
storage of CO2, the CO2 would possibly need to be transported over long distances, making CO2 transportation costs
a significant share of the total CCS costs. The results clearly indicate that the heavily industrialized regions both
along the shores of the Gulf of Finland and Bothnian Bay can benefit from a joint transportation infrastructure and
reach significant cost reductions. For instance, transportation of CO2 from  the  Gulf  of  Finland  by  ships  could  be
more economically carried out by employing an infrastructure of ship terminals, where CO2 is collected into
intermediate storage facilities from several capture units. Similarly, several capture facilities could also be linked to
trunklines for joint pipeline transportation of CO2. However, the pipeline transport cost is quite sensitive to the
distance, making co-operation even more important for economic transport of CO2 from smaller capture facilities.
Moreover, transport costs can be high for isolated capture facilities far upstream from a main trunkline. This leads to
open questions on how costs should be allocated between the users of a shared pipeline network, which was not
studied in this work. Pipeline transport of CO2 seems mainly challenging in Sweden, Finland and the Baltics, but
with some exceptions. As an example, a trunkline connecting all CO2 point sources of over 0.5 Mt/a in the north part
of the Bothnian Bay to the Norwegian Sea seems to result in possibly acceptable transportation costs for all involved
parties. It would also result in significantly larger annually stored CO2 volumes than in the case where only a few
larger plant operators use CCS.
Heavily industrialized areas around North Sea would benefit from a shared pipeline infrastructure. CO2 could be
economically collected by trunklines to the coast, from where large-capacity off-shore pipelines would take the CO2
to the off-shore storage areas. Shipping would seem a viable option from the northern parts of United Kingdom,
northern France and the Nordics, however.
Considering the results from the scenario where on-shore storage would be allowed outside the limits of EEA, the
massive trunklines from Finland and the Baltics to Russia seemed uneconomical. Trunklines from southern Baltics
and Poland to Ukraine resulted in more promising cost levels, although the costs seemed high towards the upstream
of the trunklines. Such joint pipelines would however have a great CO2 emission abatement impact.
Enabling the use of the on-shore storage potential in Latvia and Germany would result in interesting trunkline
option for Finland and the Baltics. Also the resulting pipeline collection network from the German industries would
seem one of the most economic transport networks of CO2 in the North Europe. Finally, if geological storage
potential in the southern Baltic Sea would be used, ship transport cost from the surrounding coasts would be reduced
considerably.
The results indicate that ship transportation would often be the best transport option from the Baltic Sea region to
final  storage  sites  at  the  North  Sea.  Increasing  the  CO2 transportation capacity of a ship terminal can lower the
transportation cost due to a benefit from scale. This would also require larger intermediate storage units, which in
the case of the conventionally used refrigerated cylindrical steel tanks don’t have the same economic benefit from
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scale-up. Underground refrigerated caverns could provide an alternative technology for intermediate storage of CO2.
While the compact and dense Scandinavian bedrock is not suitable for final storage of CO2 it could be particularly
suitable intermediate storage of CO2. The design of an intermediate CO2 storage facility in rock underground would
have similarities to refrigerated LNG- and LPG- gas storages in unlined rock caverns. An additional challenge for
intermediate storage of CO2 is the need for both refrigeration and pressurization. Modelling of thermodynamic
processes in and around the repository, thickness of the frozen zone and processes within the boundary of liquid
CO2, solid rock and ice are important aspects for determining the requirements for the operation of the storage
facility. Other considerations that need to be taken into account are the possible need for monitoring of the
intermediate storage and CO2 background value surveys prior to operation. The cooling and insulation of the storage
by the freezing fractures probably prevents reactions between rock, water and CO2 but could be site specific and will
need to be further investigated. Finally the capital and operational costs of the storage should be related to the
available storage conditions.
In this paper, a case assessment for an intermediate underground storage unit of 50 000 m3 unit has been
summarized, including a preliminary evaluation of potential underground storage technologies. The investment cost
of a storage unit has been estimated and compared to the investment cost of above-ground modular steel tank group
of the same volume. The preliminary results indicate that an underground storage unit of 50 000 m3 or larger would
have a significantly smaller investment cost than a similarly-sized steel tank storage complex. As the operational
and maintenance costs are expected to represent only a minor share of the annual cost of the storage facility, the
storage of CO2 underground appears to be an interesting possibility for intermediate storage of CO2. However, the
results are preliminary and more work is currently being carried out to verify the results.
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